Optical and atomic force microscopy (AFM) of naturally occurring Leptothrix ochracea 2 was used to study the fine structure of sheaths and cells. Morphology of young sheaths suggests 3 the scaffold chains have strong self-adhesion. Evidence from un-encapsulated cells indicates 4 fresh scaffold production through cell walls. Simple diffusion arguments are used to explain the 5 morphology of the sheath structure. We propose a novel cell motility model based on previously 6 published video data, our AFM images of naked cells, and simple flow calculations. The model 7
Introduction 12
Leptothrix ochracea is a common, sheath-forming microorganism that lives in freshwater 13 habitats that have high concentrations of soluble, reduced iron (Fe(II)). Since iron is the 4 th most 14 abundant element in the Earth's crust, these habitats are common. They are typically found 15 where there is standing or slowly flowing water enriched in Fe(II), examples include streams, 16 wetlands, and springs, as well as technical environments like water distribution pipes (Emerson 17 et al., 2010) . Where these bacteria occur, it is common to find rust-colored deposits or 18 precipitates of Fe-oxyhydroxides that form loosely aggregated microbial mats made up of a 19 consortia of microorganisms, that are dominated by bacteria involved in Fe-cycling (Roden et al., 20 2012 ). When present, L. ochracea is often the dominant morphotype observed in these habitats 21 due to its copious production of tubular sheaths that are encrusted with Fe minerals, principally 22 ferrihydrite. These microbial iron mats can accrete rapidly, and due to their large surface area, 23
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/157073 doi: bioRxiv preprint first posted online Jun. 28, 2017; that are about 0.5 mm in length can produce 1 meter per day of sheath (Fleming and Emerson, 1 manuscript in preparation). The sheath is composed largely of Fe-oxyhdroxides that are by 2 byproducts of Fe-oxidation. Analysis of L. ochracea sheaths collected from an iron mat by 3 scanning transmission X-ray microscopy (STXM) and near edge X-ray absorption fine structure 4 spectroscopy (NEXAFS) in the same family of microbes as L. cholodnii and L. ochracea (Takeda et al., 2007) . 22
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/157073 doi: bioRxiv preprint first posted online Jun. 28, 2017; In addition to having fascinating chemical and physical properties that contribute to the unusual 1 lifestyle of these bacteria, it is proposed that the nano-crystalline arrays of reactive iron-oxides 2 that coat the L. ochracea sheath may have properties suitable for commercial applications 3 (Kunoh et al., 2015). Some potential uses include serving a catalyst for organic synthesis (Ema et  4 al., 2013), or improving the performance, cost, and life cycle of lithium-ion batteries (Sakuma et 5 al., 2014) . In addition, their capacity for adsorption of other metals like arsenic and lead, as well 6 as organics could be useful in water treatment schemes that promote their growth using naturally 7
Fe-rich waters (Emerson and de Vet, 2015). 8 9 Despite the many fascinating questions about sheath production in L. ochracea, the lack of a 10 sufficient laboratory model for L. ochracea, means there is still much to learn about the 11 mechanism of sheath formation or details of its ultrastructure. The work described here utilized 12 atomic force microscopy (AFM) to gain a better understanding of the structural details of 
beside a pine forest. This site had slowly flowing water 5 -10 cm deep. We were unable to 1 measure the concentration of Fe(II) at this site. Nonetheless, the abundant presence of iron mats 2 observed as flocculent, rust colored material that loosely adhered to the sediment is consistent 3 with micromolar concentrations of Fe(II). Concentrated sheath samples in their original aqueous 4 media was collected with a pipet into Eppendorf tubes and refrigerated at 4°C until being further 5 processed, within 24 hours, as described below. 6 7 Cells within sheaths were located by staining and imaging by epifluorescence microscopy. Dilute 8 solutions of Syto13 DNA stain (Molecular Probes/Invitrogen) were added (final Syto13 dilution 9 1:250) to these samples and samples were gently vibrated to disperse clumps of sheaths. 20µL 10 aliquots of the solution were pipetted onto freshly cleaved mica and allowed to dry under 11 ambient conditions -effectively incubating the stain with the cells for about 20 minutes while 12 slowly drying. A Zeiss AX10 fluorescence microscope illuminated by Lumen Dynamics X-Cite 13 Series 120Q UV source was used to identify regions containing intact sheaths, collapsed sheaths 14 and sheaths containing L. ochracea cells (Fig 1) . Fluorescent and bright field images were 15 digitally collected to aid in "optical navigation" in the AFM. That is, once stained regions of 16 interest were identified, the samples were transferred to the AFM and identified using the AFM's 17 video microscope in order to place the AFM probe over the region of interest. frequency ≈ 150kHz) to image the samples at a scan rate of 500nm/second and later analyzed 1 using Nanoscope software. 2 3
Results

4
AFM Imaging 5 6
Fresh sheaths of Leptothrix ochracea from natural seeps were characterized using both optical 7 and atomic force microscopies (Figure 1) . A combination of brightfield and fluorescence 8 imaging of Syto-13 stained samples was used to rapidly identify cells, as well as intact and 9 collapsed sheaths for AFM imaging. It was routinely observed that the drying process required 10 for AFM analysis resulted in immature sheaths, also referred to as "proto-sheaths", to collapse, 11 and in cases where cells were present in the collapsed sheath they could be observed by AFM. 12
This was fortuitous, since AFM is a surface sensing technique and unable to detect cells in intact 13 This is important because it ensured that sample details were not being obscured by tip-sample 7 interactions and minimized imaging artifacts. Figure 1f shows a three-dimensional rendering of 8 the intact and collapsed sheaths with a highly exaggerated vertical scale to emphasize the 9 differences between collapsed and intact in sheath features. wider fibers averaging about 62±5nm in diameter were also observed, presumably these are more 20 mineralized due to continued aquistion of Fe-oxides (e,g. Figure 2f ). In Figures 2d-f note that the 21 scaffold appears slightly oriented in the direction diagonal or parallel to the long length of the 22 sheath. Details of numerous cell measurements taken by the AFM are summarized in Table 1 . 23 well that the longer fibers are oriented more parallel to the sheath axis, as described above for 7 
The data from Table 1 shown that cell growth and elongation and sheath formation co-occurred at the terminus of cell 21 filaments for both species. They proposed that sulfhydryl containing microfibrils are excreted 22 from the cell and diffuse to the sheath layer where they coalesce into a cohesive sheath. It is not 23 
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The mostly random orientation of the fibrils in young sheaths, and the estimated small value of 1 elastic modulus (Equation 2) suggest the fibrils are flexible and sticky (Figures 2 & 3) . As 2 evidenced by the width of the fibers (25±5nm) equal to the thickness of the thinnest of immature 3 sheaths (22±3nm), it appears the sheath wall can consist of as little as one monolayer of fibers. 4
Older sheaths with cells inside are thicker, suggesting the fibers become a woven fabric with 5 tensegrity that is maintained by hydration (when the sheaths dry out they collapse). That is older 6 sheaths, most often empty, that continue to oxidize Fe(II) have a more rigid fabric that can resist 7 capillary forces, so that during drying the sheath no longer collapses, and breakage actually 8 causes it to shatter. Presumably the sheath fabric is largely self-organized, otherwise the cell 9 would need to invest significant energy to organize the structure. 10 11
Model of sheath formation: 12
Our results suggest an initial model for how L. ochracea produces an organized sheath. We 13 speculate that orientation of the extruded fibrils might be driven by a combination of random 14 diffusion and oriented filament motion (Figure 5a 
Equation 5 20
Where k B is Boltzmann's constant, "T" is temperature in Kelvin, and " " is the viscosity of the 21 medium. 22
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Bacterium of this size can travel a distance of the two dimensional sheath width on the order of a 1 second (∆t = <R 2 >/4D), where ∆t is time interval, <R 2 > is the root mean square hydrodynamic 2 radius and D is defined in Equation 2. This time scale is insufficient for a scaffold to be 3 established. However, almost all of the cells observed in this study appeared to be connected 4 end-to-end during the growth stage of sheaths in a filament. This increases the hydrodynamic 5 radius to micrometer length scales and thus reduces the diffusion coefficient (and decreases the 6 diffusion time) by one or two orders of magnitude. In the absence of any other fluid dynamic 7 interaction the smaller diffusion constant in a chain of cells would allow the scaffold to develop 8 in a globular and random fashion as seen in Figure 4a , and schematically sketched in Figure 5a . within sheaths grow parallel to oxygen and dissolved iron gradients. The resolution is 1 insufficient to identify molecular motors pushing them along, but we can rule out hydrodynamic 2 effects since the growth took place in static capillary tubes without the assistance of fluid flow. 3
Based on the evidence collected in Figure 3 we speculate that the mechanism for motion is due 4 to exuding sheath material. As the sheath material becomes increasingly dense due to the 5 combinatorial effects of additional sheath material being added to the sheath, and Fe-oxides 6 forming on the sheath, this results in a shear force that pushes the end of the cell line forward as 7 described below. 8
9
Model for cell motility: There are several known mechanisms of bacterial motility (Jarrell and 10
McBride, 2008). The most common and well studied is cell swimming aided by flagella, either 11 external, or in the case of spirochetes, intracellular. Gliding along surfaces is another common 12 means of locomotion that is found in diverse bacteria that possess different gliding mechanisms. 13 Another form of translocation is pili-based twitching motility that allows cells to move smaller 14 distances over surfaces. There are also bacteria that lack flagellar, yet are able to swim, the best 15 studied example being the cyanobacterium Synechococcus (Ehlers and Oster, 2012). 16 
17
In what appears to be a novel form of motility, filaments of L. ohcracea cells might propel 18 themselves through aqueous media via sheath production. is responsible for blood pressure between the heart and the rest of the circulatory system. Under 1 these conditions the Hagen-Poiseuille relationship could apply. Calculations will show that this 2 externally driven flow will prove to be insufficient to drive cell motion, but provides an 3 important reference point in terms of a pressure difference between opposite ends of the sheaths. 4
We then show that cell motility can be explained in terms of an internal pressure gradient driven 5 by sheath production of the cells themselves. 
Equation 7 17
Where Q is the flow rate of the cells equal πR 2 v, the cross sectional area of the sheath times the 18 cells' speed through the sheath, "L" is the length scale of a typical chain of cells (≈20 cells at 19 3µm/cell = 60µm) and the average sheath radius is taken from Table 1 (0.5µm). This calculation 20 yields a pressure difference across the length of cells of about 0.60 Pa. Over the cross sectional 21 area "a"=πr 2 of a cell of radius "r" the normal force F=∆P*a = 3.6x10 -14 N, which is an 22 Table 1 summarizes several hundred measurements as a set of ranges that appear to depend only on the age of sheaths, based on the 1 observation that older sheaths have thicker walls. The outer diameters of the sheaths are a maximum of 1200nm with wall thicknesses 2 ranging from 22 to 200 ±3nm depending on age of sheath. Details of the polysaccharide scaffold can be imaged at high resolution and 3 suggest the sheath material is subject to strong self-adhesion. Lastly, high-resolution images of cells indicate the dried cells have 4 diameters of approximately 500±10nm and lengths ranging from 1800 to 4100nm. 5 Figure 4 's different grain sizes of the sheath materials we speculate the following. In (a) the fibrils within the 1 sheath are globular perhaps do to low speed cell motility, whereas in (b) the fibrils are much longer because the cells are moving at 2 higher speed along the length of the developing sheath. Further Figure 3 suggests a mechanism for growth of the sheath that is 3 described in (c): a proposed motility mechanism based on extrusion of sheath material that pushes the cell train forward through an 4 average shear force "F || " as the sheath material thickens and hardens behind the advancing cell train. The shear force is greatest where 5 the sheath squeezes tighter, and less at the leading edge (black arrows). 6
